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Mechanical serial block face scanning electron microscopy (SBFSEM) has emerged as a means of ob-
taining three dimensional (3D) electron images over volumes much larger than possible by focused ion
beam (FIB) serial sectioning and at higher spatial resolution than achievable with conventional X-ray
computed tomography (CT). Such high resolution 3D electron images can be employed for precisely
determining the shape, volume fraction, distribution and connectivity of important microstructural
features. While soft (ﬁxed or frozen) biological samples are particularly well suited for nanoscale sec-
tioning using an ultramicrotome, the technique can also produce excellent 3D images at electron mi-
croscope resolution in a time and resource-efﬁcient manner for engineering materials. Currently, a lack
of appreciation of the capabilities of ultramicrotomy and the operational challenges associated with
minimising artefacts for different materials is limiting its wider application to engineering materials.
Consequently, this paper outlines the current state of the art for SBFSEM examining in detail how da-
mage is introduced during slicing and highlighting strategies for minimising such damage. A particular
focus of the study is the acquisition of 3D images for a variety of metallic and coated systems.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Ultramicrotomy is now widely utilised in life sciences to pre-
pare specimens for transmission electron microscopy (TEM). This
is in part due to the physical characteristics of either ﬁxed or
frozen biological materials which, being relatively soft, enable the
routine preparation of electron transparent specimens [1]. For si-
milar reasons, ultramicrotomy is also commonly employed for the
preparation of polymer TEM specimens [2–5]. On the other hand,
engineering materials, for example light alloys and hard coatings,
present a sterner challenge. Nevertheless, ultramicrotomy has
been successfully used to prepare electron transparent specimens
for examining the morphologies of the coatings attached to metal
substrates [6,7]. The beneﬁts associated with the preparation of
thin, electron transparent ultramicrotomed slices using a sharp
diamond knife include the short specimen preparation time and
the capacity to observe relatively large areas, typically of
30050 mm dimensions, compared with other preparation tech-
niques such as focused ion beam (FIB) microscopy. However, the
mechanical slicing can introduce damage and, hence, artefacts on
the thin slices and the remaining block face from which the slices
are generated. Typical artefacts in thin ultramicrotomed slicesr B.V. This is an open access article
Hashimoto).include chattering, compression of the chip material, knife marks
and lifting up of hard particles from the adjacent relatively soft
matrix [8–11]. Using ultramicrotomy for the generation of thin
slices of hard materials, the plastic deformation generated by
compression/shear under the knife can seriously distort the size
and shape of objects, and locally deforms the crystal structure.
Considering the use of automated ultramicrotomy (inSEM) for
3D block face serial section imaging by scanning electron micro-
scopy (SBFSEM), the block face typically displays fewer artefacts
than the thin slices. However, issues still remain, including the
introduction of knife marks and damage. In cases where strategies
can be developed to minimise such artefacts serial sectioning can
provide a great deal of 3D information of interest to the materials
scientist from volumes much larger than can be accessed by FIB
serial sectioning and at higher resolution than can be achieved
routinely by laboratory X-ray computed tomography [12]. A major
advance in the routine application of the SBFSEMmethod has been
made in the biological ﬁeld by automating the block-face sec-
tioning and the imaging process within the scanning electron
microscope [13]. This offers very signiﬁcant alignment beneﬁts
and time-saving over manual sectioning [14]. Commercial auto-
mated systems are now available, such as the Gatan 3View system
[13,15] and the FEI VolumeScope system [16], where automated
sectioning and capture systems are located in a variable pressure,
ﬁeld emission gun, environmental scanning electron microscope
(FEG-ESEM). Sequential ultramicrotomy and imaging produce aunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Schematic diagram of the inSEM ultramicrotome (Gatan 3View) located on
the chamber door of an (FEI Quanta 250) FEG-ESEM. The inset shows the posi-
tioning of the specimen in the electron beam and the location of the motor driven
diamond knife, which is able to generate serial sections without the need for
realignment of the specimen under the electron beam [16].
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processed using 3D reconstruction and analysis software. Auto-
mation has allowed acquisition workﬂows delivering very large 3D
datasets at electron microscope resolution, for example to re-
construct the connectivity of neuronal circuits in brain mapping
[13]. Such datasets are now being collected by SEM or TEM com-
prising up to 10,000 sections covering 400 mm dimensions at 4 nm
resolution and 100 TB in size [17].
While the approach has been exploited widely in the biological
and medical science ﬁelds, providing detailed images of tissues [18]
and whole organisms [19] as well as in polymer science [20–24], the
technique has been much less widely used in materials science and
metallurgy due to the difﬁculty of ultramicrotoming the harder
materials as described above. However, Thompson and co-workers
have been at the vanguard of developing workﬂows to investigate
the corrosion behaviour of aluminium [14,25–27] and magnesium
[28], the inﬂuence of organic coatings on corrosion pathways [29],
the distribution of pigments in the paint [30–32], and the dis-
tribution of intermetallics during casting or forming [33–35].
There is currently a gap between non-destructive X-ray tomo-
graphy and destructive serial sectioning by FIB [36]. Laboratory
and synchrotron X-ray imaging can routinely provide morpholo-
gical data at scales down to sub-micron levels for samples of
millimetre dimensions [37]. Advanced X-ray tomography techni-
ques can also provide grain shapes and orientations [38] and
chemistry [39] over tens of micron scales. On the other hand, FIB
SBFSEM can provide chemical, crystallographic and morphological
information at the 5 nm length scale, but only over volumes of
tens of microns. Importantly, emerging plasma FIB [40] or laser
[41] dual beam microscopies may extend this to dimensions of
hundreds of microns. However, the method has high capital and
running costs, and is time consuming. Thus, the extension of
SBFSEM with ultramicrotomy to a wide range of materials science
ﬁelds offers the potential of 3D imaging at electron microscopy
resolution in a time and resource efﬁcient manner. Currently, the
lack of appreciation of the capabilities of the technique and the
operational challenges associated with minimising artefacts for
different materials are limiting the wider uptake of serial block
face scanning electron microscopy of engineering materials. This
paper aims to capture the current state of the art for SBFSEM via
ultramicrotomy in materials science and to examine in detail the
ways in which damage is introduced during slicing, and to outline
strategies for minimising damage with a particular focus on the
high strength to weight ratio, commercially important AA2024
aluminium alloy as an example. This is followed by an examination
of the extent to which SBFSEM can be applied to a wide range of
materials science applications.2. The experimental setup
Fig. 1 shows a schematic diagram of the ultramicrotomy-based
serial block face scanning electron microscope. It is noted that the
size of the block face, the slice thickness and observation condi-
tions are dependent on the region of interest, the properties of the
material and the size of the object.
For the ultramicrotoming study, the block face of an AA2024 alu-
minium alloy test-piece was prepared to dimensions of approximately
100400 um using mechanical grinding to generate the pyramid
shape, and then conventional ultramicrotomy with a glass knife was
used to trim the specimen to approximately 50200 um. Finally, in
order to remove the residual damage generated by the above process,
the block face was sliced with a diamond knife at a cutting speed of
0.2 mm/s for 50 slices of 15 nm thickness. The typical observation
conditions were at an acceleration voltage of 2.5 keV with a constant
slice thickness of 15 nm.3. Resolution of SBFSEM imaging
The spatial resolution of SBFSEM imaging is determined by the
lateral (X and Y) spatial resolutions and the probe depth and slice
thickness in the Z direction [42]. The spatial resolution of a back
scattered electron (BSE) image is well known to be related to the
probe size of the electron beam and the three dimensional volume
of the back scattered electron output because scattering within the
specimen is larger than the diameter of the illuminating probe. The
BSE volume decreases with increasing atomic number and increases
with accelerating voltage. For example, at 1 keV the maximum
penetration depths of BSEs generated in amorphous carbon, alu-
minium and copper substrates are approximately 9, 7 and 2.4 nm
respectively. With regard to the depth (Z) resolution, the beam
penetration depth rather than the slice thickness is usually the
determining factor. When the object size is smaller than the beam
penetration depth, the BSE signals result from both the object of
interest and the surrounding matrix, inﬂuencing the BSE coefﬁcient.
Consequently, a large penetration depth will limit the ability to
resolve two objects regardless of the slice thickness. In order to
examine the inﬂuence of beam penetration on spatial resolution,
the 5 nm serial sectioning of an Al (10 nm)/CuAl2 (10 nm) alter-
nating multilayer sample is considered in Fig. 2, with the grey scale
exhibited as a function of accelerating voltage. At 1 keV, the signal
arises largely from the top layer at a time regardless of the slice
location. However, with increasing accelerating voltage the contrast
recorded between the layers decreases due to electrons being
scattered from both layers irrespective of the slice location. The
accelerating voltage at which the two layers cannot be resolved
depends on the greyscale threshold level used to segment the lay-
ers, but it is clear that even at 2 kV the contrast between the layers
is signiﬁcantly reduced. Determination of the threshold level is
critical with respect to the Z resolution. However, for an unknown
composition of an intermetallic in the alloy system it is impossible
to know the beam penetration value. Equally, having a large slice
thickness and a low beam penetration would also mean that small
objects could be missed. Thus, matching the slice thickness to the
T. Hashimoto et al. / Ultramicroscopy 163 (2016) 6–188beam penetration in the matrix material is a sensible approach.
While the most direct way of improving the Z resolution is to
reduce the penetration depth by reducing the accelerating voltage
one can also change the energy of the backscattered electrons
detected. This increases the Z resolution because the higher energy
level BSEs emanate from regions very near to the specimen sur-
face. However, both techniques result in low signal-to-noise ratio
(SNR). The SNR may be improved by increasing the beam current.
In order to increase the beam current, an aberration corrected
electron beam is ideal. Importantly, the inﬂuence of contamination
with hydrocarbons introduced by the electron beam onto the
specimen surface can be signiﬁcant when a low acceleration vol-
tage and increased beam current are employed. However, this is
not a major concern for serial sectioning because a fresh block face
is repeatedly generated in the SEM chamber. Therefore, the max-
imum current of the electron beam can be used. Clearly, the use of
an aberration corrected electron beam with a combination of low
voltage and energy selected BSE detection is ideal for realising the
full potential of SBFSEM.Fig. 2. Inﬂuence of primary electron beam penetration on the BSE signal (greyscale
level) recorded for serial sectioning using a 5 nm slice thicknessat different accel-
eration voltages for a 10 nm repeating Al (white)/CuAl2 (grey) multi- layer model
system (see inset).
Fig. 3. (a) AFM topographic and (b) scanning Kelvin probe potential images from the 1
slices of 20 nm thickness. Much of the roughness relates to the diamond knife marks indi
red, blue and yellow arrows respectively in (b). The intermetallic phases were determin
while the aluminium matrix (green region) has a mean roughness of 1.2 nm. (For interpr
web version of this article.)4. Artefacts from slicing
Observation of the block face using the BSE signal is sensitive to
the microscale surface roughness since this changes the electron
scattering angle. The surface roughness caused by ultramicrotoming
the AA2024 aluminium test-piece has been assessed by atomic
force microscopy (AFM) and Kelvin probe microscopy (KPM) in
Fig. 3. The surface roughness recorded by AFM is around 1.2 nm
over the green region in Fig. 3(a), which does not contain any gross
knife marks. The Volta potential in the corresponding KPM map
conﬁrms that the roughness is mainly associated with the inter-
metallics. It is noteworthy that other commonly used surface pre-
paration techniques, such as electropolishing or mechanical pol-
ishing, typically result in much greater average roughness values
(about 100 nm and 230–280 nm respectively). The knife marks are
caused by smearing of the block face by the lift out of hard inter-
metallics that adhere to the knife edge. In this case the hard, mainly
copper- and magnesium-containing intermetallics are randomly
distributed in the matrix and, therefore, the associated knife marks
cannot be avoided. However, as shown in Fig. 4, image processing
can effectively remove these linear features.
Other artefacts typical of slicing by ultramicrotomy, namely
chattering and compression of chip materials, are often observed.
Chattering is evident from the unevenness of the slice, which is
caused by the mechanical instability of the knife and the specimen
during slicing. Slow speed cutting can reduce chatter. The com-
pression of the chip material arises from the strong force applied
between the cut surface and the chip. The compression rate
(cutting speed) inﬂuences the chattering of the block face. The
associated surface texture is clearly evident in each grain in Fig. 4.
Suppressing such chatter is the biggest challenge when slicing
metallic samples and this is discussed below.5. Principles of cutting
Merchant [43,44] developed an orthogonal cutting model that
assumes that the knife is sharp and no rubbing occurs between the
knife and the specimen. A sharp knife is deﬁned as one where the
slice thickness is more than 10 times the radius of the knife-edge.
The radius of the diamond knife with an edge of 45 degrees is7.517.5 mm block face of the AA2024 aluminium alloy after utramicrotoming 10
cated by red arrows in (a) and lift out of S, θ and α phases which are indicated by the
ed from the potential difference in (b). The overall mean roughness, Ra, is 3.2 nm
etation of the references to colour in this ﬁgure legend, the reader is referred to the
Fig. 4. BSE scanning electron micrographs of the block face of the AA2024 aluminium alloy test-piece: (a) as- acquired image showing knife features (red arrows); (b) FFT of
image with the knife features indicated by the green arrows; (c) masking of the knife related features; and (d) inverse FFT of (c). The yellow dashed line denotes a grain
boundary. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Schematic force diagram showing Merchant's orthogonal cutting.
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cutting model, the force, and angle and velocity relationships can
be estimated for slice thicknesses greater than 30 nm, as displayed
in Figs. 5 and 6 respectively.
The resultant force, R, can be resolved into two force compo-
nents, namely the cutting force along the cutting direction, Fc, and
that perpendicular to the cutting direction, Ft. These forces are
expressed as follows:
τ β α
φ φ β α
= ( − )
( ) ( + − ) ( )
F
Tb cos
sin cos 1
c
m
τ β α
φ φ β α
= ( − )
( ) ( + − ) ( )
F
Tb sin
sin cos 2
t
m
where φ is the shear angle, α is the tool rake angle (41°, with a 4°
clearance angle (the angle between the back face of the knife and
the block face)) giving a 45° knife angle, β is the angle between the
resultant force and the normal to the rake face, τm is the shear
strength of the material, T is the thickness of the slice removed and
b is the width of the cut tool (diamond knife). The resultant force,R, can also be resolved into a friction force, F, and a normal force, N,
perpendicular to it or equivalently with respect to the shear plane
into a shear force, Fs, and a force normal to the shear force, Fn.
The shear angle, φ, is an important variable in metal cutting
analysis because it deﬁnes the deformation characteristics of the
chips. The relationship between the angles is then given by the
following equation:
φ β α= π − ( − ) ( )4
1
2 3
The compression rate, c, can be determined from the length of
cut or chip thickness, as follows:
α φ
= = = α
( − ) ( )
c
l
l
T
T
sin
cos 4
s
chip
where l is the length of the cut, lchip is the length of the chip, T is
the depth of the removed slice, Ts is the chip thickness and c is the
compression rate. It is difﬁcult to evaluate the compression rate
from the slice length or thickness because it is not possible to
collect the individual chips (representing the removed slices) from
within the SEM. Therefore, the compression rate was determined
from the shear angle and chip thickness measurements obtained
by stopping the cutting process for different slicing thicknesses
and examining the attached chips in the SEM (Fig. 7). Once the
shear angle has been determined, all the forces may then be es-
timated enabling understanding of how damage is introduced into
the block face. It is noteworthy that for slice thicknesses ranging
from 50 nm to 10 mm no signiﬁcant change in the shear angle was
measured (Fig. 7). This conﬁrms that the cutting forces have a
linear relationship with the thickness for slices thicker than
50 nm.
As mentioned previously, this analysis applies to slices greater
than 10 times the knife radius. This is because the curved knife
edge changes the effective knife angle during the cutting process.
In order to estimate the forces for ultra-thin slices (o30 nm), the
rake angle was estimated from the following relationship:
α= −
− ( )
T r
rT T
cot
2 52
where r is the radius of the diamond knife edge. From this re-
lationship, with 3 nm thickness slicing, the rake angle becomes 0°.
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and, consequently, reduces the shear angle. Thus, selecting very
thin slices increases the thrust and friction forces, which lead to an
increase in damage to the block face. Slice thicknesses of 2.5 nm
have been reported [27], whereas sectioning below 2.5 nm has not
yet been successful. This might indicate the need for a minimum
shear angle or maximum knife angle to enable the material to be
sliced. In such cases, the thrust and friction forces may become
greater than the cutting force and, consequently, the knife edge
would rub along the block face instead of cutting it. Further, theFig. 7. Cross section secondary electron SEM micrographs displaying the shear angle i
(c) 50 nm; (d) 5 mm cross sectioned block face ultramicrotomed about 10 mm below the o
sliced block face.
Fig. 6. Schematic diagrams showing the relationship between the anglesslicing involves plastic deformation ahead of the diamond knife tip
and elastic recovery of the block face after the knife has passed,
resulting in a slight upward movement of material at the block
face near the diamond knife tip. Importantly, the shear plane ap-
pears to start at a point above the diamond knife tip due to an
increase of the thrust force as a consequence of reduction of the
rake angle. Fig. 8 shows a schematic diagram of the force relations
whilst taking account of the inﬂuence of the radius of the diamond
knife. We assume that the difference between the thicknesses of
the shear force starting point and the recovering layer is an atomicn the AA2024 aluminium alloy for different slice thicknesses: (a) 5 mm; (b) 1 mm;
bserved block face in (a) which evident of taking the same shear angle through the
and the velocity in shear zone: (a) velocity and (b) angle diagrams.
Fig. 8. Schematic diagram showing the force and angle relationships for ultra-thin
slicing.
Fig. 9. Relationship between the compression rate, shear angle, Φ, the tool rake
angle, α, and normal stress, s, for cutting the AA2024 aluminium alloy. The vertical
dashed lines indicate the conditions when the shear strength and normal stresses
become equal (blue line) and the normal force becomes zero (red line). (For in-
terpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
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( )β ω= − = ( − ) ( )a r
r
1 cos
1 sin
10 62
where a is the thickness of the recovering layer, ω is the angle
between the shear force starting point and the cutting direction on
the edge of knife, and β2 is the angle from the perpendicular to the
cutting direction on the knife tip and the recovering layer touching
the knife tip. The shear angle can then be determined from the
following relationship:
φ ω= −[ ( − )] ( )
r
tan
Ts 1 sin
T 7
For slice thicknesses at least 5 the knife radius, the knife
radius does not inﬂuence the shear angles signiﬁcantly, while for
slice thicknesses less than 5 knife radius, the reduction of the
shear angles results in increasing damage to the block face.6. Optimising the cutting conditions
The most important strategy for optimising the cutting condi-
tions is to reduce the forces applied to the block face since these
lead to the deformation. The stress at the block face arises from a
combination of the cutting force, Fc, and the normal force, Ft, as
indicated in the following expression:
σ φ φ φ=( + ) ( )
F F
Tb
cos sin sin
8
c t
This stress is strongly inﬂuenced by the rake angle. Fig. 9 shows
the relationship between the compression rate, the shear and rake
angles, and the applied stress. Reduction of the rake angle results
in an increase in the shear angle and a reduction of the stress.
When, the rake angle is 50°, the shear and normal stresses become
equal, while for a rake angle of 76° the normal stress becomes
zero. Consequently, if the knife and clearance angles sum to 14°,
the damage on the block face is minimised. Further, when the
normal stress exceeds the ultimate tensile strength the chip will
form by ripping rather than by slicing. When the rake angle ex-
ceeds 50°, the normal stress becomes less than the tensile yield
stress of the AA 2024 alloy. Hence, damage to the block face mightbe reduced. However, it is also dependent on the dislocation
density, which is readily inﬂuenced by deformation on the block
face.
In summary, the damage introduced by slicing can be mini-
mised by reducing the slice thickness and the compression rate.
This, in turn, depends on the relationship between the shear angle
and the rake angle, which is a key aspect for improving the quality
of the block face.
Currently, the minimum rake angle of a commercially available
diamond knife is 35° however, it is possible to minimise the nor-
mal stress. In order to minimise the stresses, the knife can be os-
cillated to minimise the apparent knife angle [46]. The apparent
knife angle (mean knife angle during the oscillation of the knife),
α2, is given by the following equation:
α α= ( − ) ( )
V
V
tan 90
9
s
e
2
where vs is the traverse speed of the knife and ve is the velocity
normal to the cutting direction. The apparent angle can be applied
in the Merchant cutting model and it determines the ultra-
microtomy operating conditions for minimum damage on the
block face. Notably, the oscillating knife reduces the apparent
angle and, thereby, the associated stresses. Additionally, the
transverse movement of the knife also causes the local tempera-
ture of the material in contact with the knife edge to increase
because of the friction between the knife edge and the material,
causing the material to soften. The effect of oscillation on reducing
chatter and generally improving the surface ﬁnish is evident in
Fig. 10.
The channelling contrast in BSE images can highlight the da-
mage introduced by block face sectioning because channeling ef-
fects arise from a change in electron penetration depth with
crystal orientation. These signals are generated from a few nano-
metres below the surface, rendering the signal sensitive to the
atomic perfection of the surface. It is clear from Fig. 11(a) (top) that
Fig. 10. BSE image of the block face of AA2024 aluminium alloy after slicing with a 35 degree knife and a cutting velocity of 0.04 mms1 using a 15 nm slicing depth:
(a) slicing with non-oscillating knife; (b) slicing with oscillating knife; (c) processed image of (b) by applying the artefact-removing method illustrated in Fig. 4.
T. Hashimoto et al. / Ultramicroscopy 163 (2016) 6–1812slicing without oscillating the knife causes a great deal of local
disruption that is reﬂected in a speckle type of BSE contrast. Upon
oscillating the knife (Fig.11(a) (bottom)), much more even contrast
is obtained that is indicative of a low level of near surface de-
formation such that the contrast is consistent over many slices
enabling artefact free 3D volume reconstructions of the grain
contrast to be obtained. Further, the dramatic difference in grey-
scale level between the ﬁrst few slices after changing to an oscil-
lating knife (Fig. 11 (b)) suggests that the damage introduced by
the non-oscillating diamond knife extends to a depth of around
60 nm (equivalent to four 15 nm thick slices).
Electron backscatter diffraction (EBSD) is often used to de-
termine grain orientations in metallographic sections and is very
sensitive to surface deformation. Consequently, as well as being a
useful end in itself being able to collect EBSD maps provides a good
means of assessing the quality of the block face. Fig. 12 displays
EBSD maps of the block face after slicing with and without knife
oscillation. A signiﬁcant rise in the indexing percentage is achieved
upon oscillating the knife (from 60 to 92%), demonstrating that
good EBSD maps can be collected for aluminium under optimal
conditions despite local cutting induced deformation.Fig. 11. (a) Series of BSE micrographs of an AA2024 aluminium alloy block face generat
image were generated with a non-oscillating knife (top) and with an oscillating knife (bo
cases. (b) Graph showing the variation in greyscale recorded for the three marked gr
followed by the oscillating knife (depth4450 nm).7. Applications of ultramicrotomy-based SBFSEM
The previous sections looking at the ultramicrotomy technique
have all focused on the AA2024-T3 aluminium alloy, but with care
the technique can be applied to a range of material systems. In this
section, a number of technologically important systems and ap-
plications are examined, and the ease of SBF sectioning is dis-
cussed along with practical means of improving the images that
can be acquired.
7.1. Intermetallic distribution
SBFSEM provides a cost effective means of mapping the dis-
tribution of inclusions and precipitates in 3D over many grains. As
an example, Fig. 13 shows 3D images of a cast Al–Si alloy. Iron is a
common impurity in aluminium alloys that is not readily removed,
and it may have adverse effects on the alloy properties, particu-
larly corrosion property. The solid solubility of iron in aluminium
is very low so that most iron forms intermetallics, depending on
the presence of other impurities or alloying elements. In this case
the AlFeSi intermetallic can have a very signiﬁcant effect on the
mechanical properties of Al–Si alloys. In particular, it decreases
ductility because it tends to form as thin platelets which are veryed using cutting speed of 0.04 mms1 and 15 nm slicing thicknesses. The series of
ttom). The images after the 1st, 4th and 30th slicing are shown (left to right) in both
ains as a function of slicing depth for the non-oscillating knife (deptho450 nm)
Fig. 12. EBSD maps of the AA2024 aluminium alloy block faces prepared (a) without knife oscillation and (b) with an oscillating knife using a slicing thickness of 15 nm. Non
indexable points are shown in green. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 13. 3D reconstructed image of the cast AlFeSi alloy acquired using an oscil-
lating knife and cutting speed of 0.04mm s1: (a) the surface view; (b) semi-
transparent 3D view; and (c) thresholded view showing only the Fe enriched
particles, the brighter the appearance the higher the iron content.
T. Hashimoto et al. / Ultramicroscopy 163 (2016) 6–18 13brittle and bond weakly to the matrix. In addition to inﬂuencing
the mechanical properties, it also affects the corrosion resistance
and surface quality because it is cathodic with respect to the
matrix. The 3D images of Fig. 13 provide information on the
compositional variation, volume fraction, distribution and pre-
ferential direction of the Al5FeSi intermetallic, which is essential
for the microstructural control of the particles.Interest in magnesium alloys has increased markedly in recent
years due to their combination of speciﬁc strength, high dimen-
sional stability, good machinability, high castability and their re-
cyclability particularly for applications where low weight and high
strength are required. Unfortunately, many magnesium alloys are
characterized by poor corrosion resistance. One of the primary
reasons for the poor corrosion resistance of magnesium alloys is
the internal galvanic corrosion generated by intermetallics or
impurities. Consequently, the distribution of the intermetallics is
critical in understanding the corrosion behaviour of Mg and its
alloys. Generally, steps such as electropolishing, etching and me-
chanical polishing are use when preparing magnesium specimens
for observation in the SEM. These involve contact with aqueous
media which can lead to a hydroxide ﬁlm on the surface which
interrupts the SE or BSE signals from the bare surface. Additionally,
compared with other metals such as Al or Fe oxide ﬁlm grows
much more rapidly in air. Since serial sectioning is undertaken in
the vacuum environment of an SEM, such issues are avoided with
SBFSEM. Fig. 14 shows 3D reconstruction of twin roll-cast Mg–Al–
Zn alloy, exhibiting the AlMn and AlMg particles. Further, ensuring
that ultramicrotomy does not introduce distortion to the block face
microstructure by twinning or recrystallisation is of great concern.
The EBSD map of AZ31 (Fig. 14(a)), generated with an oscillating
knife, was acquired with an indexing rate of 83% and shows no
evidence of twinning or recrystallisation. The 3D distribution of
AlMg phase (dark gray) at grain boundaries and the ﬂower-shaped
AlMn particles are revealed in Fig. 14(b and c). The ﬂower-shaped
particle morphologies are attributed to the relatively high cooling
rates associated with the twin roll casting process. 3D imaging
with EBSD will help determining the growth direction of AlMn
particles with respect to the grain orientation of the magnesium
matrix and, consequently, advance the understanding of the role
of the particles in nucleation during solidiﬁcation.
Alloy performance and corrosion behaviour are closely related
to precipitate size and morphology. Fig. 15 shows the AA2024
aluminium alloy after aging at 180 °C for 20 h, displaying Al2MgCu
needles with an average size of 15 nm width and 200 nm length
within the grain, and plate-like precipitates of Al2MgCu and Al2Cu
with average sizes of 50 nm width and 300 nm length at the grain
boundary. Additionally, electron channeling, aligning of pre-
cipitates at grain boundaries and the orientation of the needle like
precipitates enabled easy distinguishing of the individual grains.
The approach enables precise measurement of the volume frac-
tions of the intermetallics in each grain and the morphology of the
grain boundary precipitates.
Fig. 14. (a) EBSD map of the AZ31 magnesium alloy prepared with an oscillating knife using a slicing thickness of 15 nm after 200 slices at a cutting speed of 0.04 mm s1;
(b) 3D reconstructed 303015 mm image of AZ31 magnesium alloy showing the AlMn and AlMg particles; (c) 3D reconstruction of twin roll-cast AZ91 alloy, showing the
greyscale level difference between the intermetallic particles; and (d) corresponding segmented 3D reconstruction image of (c), showing the different morphologies of the
AlMn(Zn) (red), AlMg (blue) and Si (green) particles. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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While some aspects of the morphology of corrosion sites can be
revealed by 2D SEM, the connectivity from surface to bulk and the
3D interconnected nature of the corrosion requires 3D imaging.
Further, the formation of the corrosion product on the surface can
mask the underlying structure. SBFSEM is ideal for examining
corrosion sites in 3D, especially for light alloys. By way of an ex-
ample, the immersion testing of the AA2024 aluminium alloy in
3.5 wt% NaCl solution is considered. After 24 h, the intergranular
corrosion network extends over tens of microns from the initiation
sites with attacked volumes 100 nm or less in width. Thus, cap-
turing the entire corrosion site requires the large ﬁeld of view and
high resolution capability speciﬁc to SBFSEM as illustrated in
Fig. 16, which shows the propagation of the corrosion front along
the grain boundaries. From this it is also clear that the corrosion
propagation paths are not affected by the distribution of the
Al2MgCu intermetallics.
7.3. Coatings
Coatings are used for many applications in order to improve themechanical, thermal or environmental performance of materials.
Fig. 17 shows the 3D structure of a porous anodic oxide ﬁlm on an
Al/W alternating multilayer substrate. The specimen was prepared
by anodising in phosphoric acid. The distribution of the tungsten
layer within the resultant anodic ﬁlm is compatible with porosity
arising mainly from ﬂow of anodic oxide beneath the pore bases
towards the cell walls. Thus, the three dimensional image of W
helps to understand the oxide ﬂow mechanism during anodic ﬁlm
formation [47].
Fig. 18 shows a 3D reconstruction image of primer paint on a
porous anodic oxide ﬁlm on the AA2024 alloy. The aluminium
substrate clearly shows signiﬁcant electron channelling effect, and
the direction of the porous ﬁlm growth is revealed. Interestingly,
morphological variation in the anodic ﬁlm is revealed in Fig. 19(c).
It is evident that the differences in pore size and growth direction
are associated with the intermetallic in the alloy.
Zinc magnesium aluminium alloy coatings have been in-
vestigated for use on steel because of their potential to provide
better corrosion protection than traditional galvanised zinc coat-
ings used in the automobile and construction industries. Studies of
the microstructure, mechanical properties and corrosion beha-
viour of the coating are being undertaken. However, the element
Fig. 15. 3D reconstructions of S phase precipitates in AA2024 alloy (aged for 180 °C for 20 h) compiling 5 nm slices: (a) precipitate distribution across a grain boundary
(white dashed line),the red arrows indicate the direction of needle-like precipitates; (b) extracted volume clearly showing the morphology of the needles aligned with the Al
{001} planes. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 16. 3D image of AA2024-T3 alloy after immersion in NaCl solution for 24 h: (a) an orthoslice showing an uncorroded grain boundary (red) alongside extensive corrosion
sites (green arrows); (b) the corresponding segmented 3D image revealing the entire corrosion path (yellow) while the intermetallics are labelled red. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 17. 3D image of porous alumina anodic ﬁlm with the multi-layers of tungsten tracers of 15 nm thickness: (a) surface view; (b) orthoslice and (c) segmented 3D
reconstruction with tungsten tracers in red and pores in white. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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impact on the anti-corrosion properties. Further, the presence of a
eutectic microstructure and the non-uniform distribution of the
phases in such a complex microstructure are difﬁcult to investigatewith 2D imaging. 3D imaging of the coating helps better under-
standing of the relationship between the corrosion path and mi-
crostructure. Fig. 19 shows the three dimensional reconstructed
galvanised steel image.
Fig. 18. 3D images of anodised AA2024 alloy and primer paint as orthoslices (left) and segmented views (right): (a) image showing the porous anodic ﬁlm (blue), the resin
(yellow), the intermetallics and paint pigments (red); (b) region in green box showing defect-free anodic ﬁlm; (c) region in yellow box showing a defect in the ﬁlm
inﬂuenced by the initial location of intermetalic (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.).
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Fig. 19. 3D image of galvanised coating on mild steel: (a) surface view; (b) highlighted Al and Mg enriched eutectic structure attached to the steel substrate.
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Steels present a challenge for serial block face sectioning lar-
gely because of their high strength. This increases the cutting force
and accelerates wear of the knife that, in turn, changes the knife
edge condition in an unpredictable manner. Consequently, it is
necessary to increase the slice thickness. Generally, orthogonal
slicing is not an efﬁcient method from the energy point of view,
with 98% of the total energy during cutting being dissipated as
heat [48] that is released into the material and the diamond knife.
As mentioned earlier, increasing the temperature of the block
lowers the cutting stresses; however, this also increases the dis-
location activity near the surface of the block face, causing more
smearing. Further, iron has a high chemical afﬁnity with carbon,
which leads to reaction of the diamond with the steel and thus
increasing wear of the diamond knife.
The lifetime of the knife is dependent on the cutting speed,
material and thickness of the slice [49]. Most of the physical and
chemical processes involved in the failure mechanisms of the knife
are thermally activated. Thus, the cutting temperature is an in-
direct parameter, depending on direct parameters which funda-
mentally play an important role on the contact stresses and the
relative speed at the tool to block face and tool to chip interfaces.
With increasing knife radius, the minimum slice thickness in-
creases and the shear angle reduces. Consequently, the tempera-
ture of the knife and block face increase with increasing cutting
force. Cooling of the specimen might reduce wear of the diamond
knife by reducing the chemical reaction. Also, it assists in mini-
mising the movement of dislocations and, hence, reduces damage
to the block face. In order to reduce the temperature of the knife
edge, reducing the block face size is effective; however, the mag-
netic properties of thin sliced steels lead to their preferential
passage over the pole piece or lens instead of the vacuum pump
system. This can bring about sudden changes of forces or stig-
mation and, hence, inﬂuences the quality of the images. The issue
of discarded chip material is a common problem for all specimens;
however, the magnetic nature of steel chips directly inﬂuences the
electron optics more than a non-magnetic specimen.
Given the extensive applications of steel across many industrial
sectors, success in minimising damage to the block faces and,
hence, successful three dimensional imaging of steel specimens
using the SBFSEM will be of interest to many researchers. To
achieve this further development of the system is necessary, in-
cluding reduction of knife angle and chip correcting system, and
the introduction of a cryo-system.8. Conclusions
Serial block face scanning electron microscopy by ultra-
microtomy is capable of generating 3D images of engineering
materials from light alloys through to metal composites and
coatings at nanoscale resolution over large volumes. The optimum
combination of knife angle, oscillation and cutting speed is es-
sential for minimising the introduction of damage onto the block
face and, consequently, avoiding artefacts in the images. In this
paper, alongside the best cutting setting-up, analytical methods
for minimising artefacts in the ﬁnal 3D images have also been
explored.
It should be noted that as illustrated here SBFSEM can be
combined with EBSD to produce 3D maps of crystalline texture. In
addition it can also be combined with EDX to produce nanoscale
3D chemical maps [50]. This paper has demonstrated that SBFSEM
should be considered as a useful tool for a wide range of en-
gineering materials science problems and that future develop-
ments and the practical input from a wider range of practitioners
will extend further the range of samples that can be imaged in this
way in 3D.Acknowledgements
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